This work reviews the data and in(ormation available through March 1985 on the various thermodynamic properties offive binary ~luminum alloy systems: AI-Fe, AI-Mn, AI-Ni, Al-Si, and AI-Ti. The thermodynamic properties covered in this work are heat capacity, Gibbs energy, enthalpy, and entropy of formation. Existing data have been evaluated and analyzed. The values for heat capacity and room-temperature enthalpy of formation for a large number of alloys have been generated. For each of the binary alloy systems, the recommended values for integral Gibbs energy, enthalpy, and entropy of· formation as well as the partial quantities, activity,.and activity coefficients for each component covering the entire composition range have been reported. These values are reported for both solid and liquid alloys.
Introduction
The principal objective of this work was to critically evaluate and analyze data on the thermodynamic properties of five binary alloy systems: AI-Fe, AI-Mn, AI-Ni, AI-Si, and Al-Ti.
The general background information for these properties is reported in Sec. 2. Discussion of the thermodynamic properties and the details of data analysis are reported in Sees. [3] [4] [5] [6] [7] [8] . For the AI-Fe alloy system, heat capacity values are reported for xFe = 0.15-0.95 and cover the temperature range from 1.4 to 1400 K. The room-temperature integral enthalpies of formation, t:Ji, are reported for XPe = 0.1-0.75. The integral Gibbs energies of formation, the partial Gibbs energies of formation, and the activities and activity coefficients for solid alloys are reported for x Fe = 0.243-0.90 at 1173 K. For liquid alloys at 1873 K, the integral and partial Gibbs energies, enthalpies, entropies, activities, and activity coefficients for AI and for Fe are reported for x Fe =0.0-1.0.
For the AI-Mn alloy system, C; values from below 1 to 4.5 K are reported for XMn == 0.00045-0.167. The integral Gibbs energy, enthalpy, and entropy of formation for solid alloys at 980 K are reported. For liquid alloys at 1600 K, the integral and partia~ Gibbs energy, enthalpy, entropy, activity, and activity coefficients for Al and for Mn are reported for XMn = 0.0-1.0.
For all AI-Ni alloy system, low-temperature C; values are reported for XNi = 0.25-0.90. High-temperature C; values are reported for X Ni = 0.5 from 400 to 1500 K. The at2000K .......................................................... 124 list of For liquid alloys at 1873 K, integral AG, tJI, and M, as well as partial quantities and the activity and activity coefficients for X Ni = 0.0-1.0 have been reported.
For the Al-Si alloy system, the integral and partial Gibbs energies, enthalpy, and entropy of formation for liquid alloys and the activity and activity coefficients are reported a.t 1700 K for the entire range of composition.
For the Al-Ti alloy system, C; values are reported for several alloys and cover the temperature range from 1.4 to 1700 K. The room-temperature enthalpy of formation, tJI, is reported for X Ti = 0.25-0.89. Integral and partial Gibbs energies of formation· along with activities and activity coefficients for solid alloys are reported at 973 and 1780 K for X Ti = 0.5-1.0. For liquid alloys at 2000 K, integral and partial enthalpies of formation covering the entire range of composition are also reported.
Units used are J mol-1 for the thermodynamic functions; the composition is expressed in mole fraction·x.
General Background
To understand the nature of the metallic chemical bond in an alloy, knowledge ofthe electronic contribution to C; is essential. A few such measurements, :Qlainly those near liquid helium temperature, have been reported. The Kopp--Neumann additivity law usually supplies a reasonably good approximation a few hundred degrees above room tempera-ture, except in the region near the curie temperature or at order-disorder transition in the alloy.
The relative partial molar Gibbs energy flG A of one of the components is frequently measured by the emf, vapor pressure, chemical equilibria, or distribution coefficients method. If lin A 1~ known over a range of compositions which includes one composition where flG B of the other component is independently known, then !::..G B and the integral molar free energy !::..G can be calculated over the entire composition range by the use of Gibbs-Duhem integration. If !::..G A is known over a temperature range; relative partial molar entropy can be calculated: as A = -(aG A I aT) x at constant x = X A ' the atom fraction of A in the alloy. Thus partial and integral molar entropies and enthalpies can also be calculated. It is worth noting that errors in flG A measurements are multiplied when temperature coefficients are taken. Seemingly reliable !::..G A values may, therefore, produce erroneous IlS A values. It is common practice to derive entropy values by combining the Gibbs energies with calorimetric enthalpies of formation (!:lll values), which are measured from direct reaction of the metallic components in the calorimeter. Liquid metal solution calorimetry has had great success, but the accuracy of acid solution calorimetry has been disappointing. Combustion calorimetry presents formidable difficulties and, therefore, has not been often tried successfully.
Evaluation of Data
Knowledge of the functional form of the temperature dependence of a measured property is essential for the comparison of the same property values measured at different temperatures. Enthalpies and entropies can be assumed independent of temperature over moderate temperature range. Gibbs free energy values reported by different sources at different temperatures are difficult to compare in the absence of reliable entropy values.
All experimental results of the same property at various temperatures are plotted as a function of temperature after the properties have been reduced, wherever possible, to a single evaluating temperature. The best results are obtained if the data are expressed in the form of a function which varies comparatively slowly with composition. The a function has proven satisfactory for partial molar free energies:
If ~G A (or a: A) is known ovcr a range of concentration and AG B (or !::"G~X) is known independently at one concentration X o , then !::..G B can be calculated over the entire range of concentration by the following equation derived from the Gibbs-Duhem relation:
Jx o For !::"G~x = 0 atx o = 0, flG~~x = - (1 -x) aA,x + LX a A dx.
The B function has similar advantages:
The Gibbs-Duhem integration can be carried out by substituting 13 A for a A in the above equation to obtain !::..SB' From !::..G and IlS of the two components, it is easy to calculate partial enthalpies and other integral quantities.
Fur analyzing Ill~a:sun~u ~Iltbalpi~s uy calorimetry, the Q function is useful:
Q= Ml Ix (1-x) .
Partial quantities can be derived from the Q function:
MfA =~(Q-XA !:),
Entropies calculated from these enthalpies and Gibbs energies from eqUilibrium measurements are normally more accurate than those derived solely from the temperature coefficients.
Thermodynamic Properties of AI-Fe Binary Alloy System

Phase Diagram and Structures
The phase diagram shown in Fig. 1 temperature f3 '(h) and low-temperature f3' (t) . Transformation between these three phases is reversible. The aluminum-rich region below 1000 K is extremely complicated and many features reported so far are not completely resolved. Pearson 2 ,3 lists the following phases: 0, "0-Al3Fe," with a very complex end-centered monoclinic structure. 1], "1]-AI s Fe 2 ," with an end-centered orthorhombic structure.
f3 I, "AIFe," with an ordered bcc (B2) structure isotypic with CsCl.
f3 /I, "AIFe 3 ," with an ordered bcc (D0 3 ) structure isotypic with BiF3 (confirmed by Lesoille and Gielen 4 ) . "A16Fe," with an orthorhombic structure isotypic with A16Mn. This is a metastable phase (not shown on the phase diagram).
Hansen 5 reported structures for the following phases:
t, "t-AI2Fe," with a complex rhombohedral structure. E, with a complex bcc structure (nearly hexagonal with parameters very similar to those of t-A12Fe according to Taylor and Jones 6 ). du Chatenier and Goedemoed 7 found from Co measurements that a very small amount of Fe (x Fe = 0.001) raised the superconducting transition temperature of Al from 1.16 to 1.5 K.
Solid Alloys
The C; values of Table 1 were taken from the data of Cheng et al. 8 The data tor x Fe = 0.50 showed a marked "upturn anomaly," which was explained as being due to the formation of magnetic clustering and was confirmed by Pakchanin et al. 9 A series of investigations by Pakchanin et al. 9 -11 for XPe = 0.5-0.88 and Okamoto and Beck I3 for XPe = 0.75 indicated a decrease in the electronic specific heat r, and the Debye temperature 8, with an increase in the degree of short or long range ordering and some uncertainty in the derived r value. These r values are in generally fair agreement with those of Cheng et al. 8 except for the lower value of x Fe = 0.50 alloy. Electronic specific heat coefficient values from these and other investigations are also reported in Table 2. Table 4 were taken from the direct reaction calorimetry of Kubaschewski and Deneb. 20 All values ofOelsen and Middel1 21 were more exothermic than the tabulated values by about 400-2400 J mol-I, and those of Ferr0 22 for XPe = 0.50 were slightly less exothermic. Acid solution calodmetry of Diltz 2 ::l for XFe = 0.75 yielded values less exothermic by about 2000 J mol-I. These investigators did not make any attempt to establish the final state of the alloys they studied. Gorelkin et aI.24 measured the All for a number of aluminum alloys using an isothermal calorimetric technique. Their AIl value for XPe = 0.75 is -30.96 ± 8.4 kJ mol-I, for XPe = 0.5 is 40.79 ± 6.3 kJ mol-I, and for XPe = 0.33 is -18.83 ± 6.3 kJ mol-I.
MI values in
The recommended 6,G Al values of Table 6 agree ( ± 3200 J mo]-l) with the emf measurements of Radcliff et al. 25 and the vapor pressure measurements of Gross et al., 26 Tables 5 and 6 were calculated from the recommended ones using the Gibbs-Duhem relation.
Liquid Alloys
The recommended A.G AI values of Table 8 are in general based ( ± 1500 J mol-I) on the values calculated from the distribution of AI between Ag( 1') and Fe( 1') by Chipman and Floridis 29 and on the emf data of Batalin et al. 30 Woolley and Elliott 31 calculated A.G AI values from the data of Chipman and Floridis,29 which are about 2700 J mol-l less exothermic. The values ofVachet et al. 32 from their data of distribution between Ag( 1') and Fe ( 1') are 500 J mol-l less exothermic for XPe > 0.8 and up to 2400 J mol-1 more exothermic than the recommended values for XFe < 0.8 with the largest deviation occurring at X Fe = 0.5. The following lower temperature measurements were corrected to 1873 K using the recommended AS Al values which compare with the recommended AG AI values as tollows. The emf studies of The phase diagram shown in Fig. 2 was taken from Godecke and Koster. 1 It differs from the previously reported phase diagram in the following respects: the high-temperature modification of AII1Mn4H has an extended range ofhomogeneity and the room-temperature modification ;, "AI 4 Mn," with a hexagonal structure. H, "AIllMn4H'" with an orthorhombic structure. A, "AIllMn4R'" with a triclinic structure. r2' with a be rhombohedral structure. e, with a hexagonal structure. 
Solid Alloys
C; values of Table 9 were taken from the data of Martin. 10 He found that the electronic specific heat term r is the same for aluminum and the single alloy (x Mn = 0.000 45), which he measured in the normal state, and that the superconducting transition temperature Tc dropped to 0.84 K from 1.160 K for pure aluminum. However, Co measure-. P ments of Aokl and Ohtsuka 11 for XMn = 0.001 and 0.004 indicated an increase in r with composition. C; values for XMn = 0.167 were taken from the data of Dunlop et al. 12 The .Il.G values in Table 10 were based on the emf studies of Samokhval and Vecher,13 who reported only integral quantities . .Il.H values were based on the temperature coefficients of Samokhval and Vecher,13 which were referred to AI(s) assuming .Il.fusso = 11.337 J mol-1 K-1 for Al invariant with T. Reaction calorimetry of Kubaschewski and Heymer 14 yielded values in fair agreement with those report- checked the completeness of alloy formation, they failed to give the structure and phases to which their alloys belong.
Liquid Alloys
The recommended Ml values in Table 11 were The recommended aG Mn values in Table 12 are based on the tabulated aG ~ values ofBatalin et al. I6 derived from their measured emf data and the calculated aG ~ and as ~i values. It is worth noting that the emf data, which they reported graphically, failed to reproduce their tabulated partial quantities, especially for low Mn concentrations. Other quantities in Tables 11 and 12 were calculated from the recommended aG Mn values, using the Gibbs-Duhem relation, the partial and the integral enthalpy values.
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Phase Diagram and Structures
The phase diagram shown in Fig. 3 was taken from the preliminary investigation of Singleton et al. 1 In general, this 
structure.
fJ'~ "AINi" has an ordered bcc (B 2 ) structure isotypic with esCl. At high temperatures it probably transforms to a disordered phase (see Sec. 6.2).
ai, "Al3Nis" has an orthorhombic structure isotypic with Ga 3 Pt S ' a", "AlNi 3 " has an ordered fcc (L1 2 J structureisotypic with AuCu 3 .
Solid Alloys
The C; values of Table 13 were taken from the data of phase region) were higher than those for X Ni = 0.50. Additionally, Pop and Ilonca l l have reported C; data for X Ni = 0.766. The C; value~ of Table 15 were taken from the measurements of Kovaleav et ale 12 fll{ values of Table 16 were essentially based on the calorimetric measurements ofOelsen and Middel 13 ~xcept in the f3 '-phase region;. where more weight was given to the data of Henig and Lukas l4 and of Dannoehl and Lukas. 15 The data of Kubaschewski, 16 especially in the fJ '-phase region, are as much as 13 kJ mol-1 less exothermic than the tabulated values. The data ofEskov et ale 17 and ofSandakova et al. 7 for XNi = 0.50 are less exothermic by as much as 12 kJ mol-1 and 10kJ mol-I, respectively. The value reported . by Bokshtein et al.18 at X Ni = 0.748 from their temperature coefficients of vapor pressure measurements is in fair agreement with the tabulated value.
ll.G Al values of Il.G Ni values in most cases are as much as 2800 J mol-1 less exothermic than the Il.G Ni values of Table 18 .
Liquid Alloys
Vachet et al. 28 measured the distribution of Al between Ag( f) and Ni( f). They gave their results at 1873 K for X Ni = 0.60-0.96 in terms of Il.G A1 only, which were calculated using Wilder and Elliott's29 data for Ag-Al. Schaefer and Gokcen 21 and Schaefer 2 reported AG AI values from the emf studies. Their measurements covered the temperature range of950-12ooKforx Ni = 0.005-0.205. Therefore, therecommended All Al values of Table 20 were combined with AG Al values and ASe;,1 values were calculated for each of these measurements. The recommended AS ~ values of Table 20 , with the exception of the -values for X Ni = 0.2-0.6 which were interpolated, were based on these calculated values.
The AS ~i values were calculated from the recommended AS;::1 values using the Gibbs-Duhem relation. Other quantities of Tables 19 and 20 were calculated from the recommended AIl and AS ex values using the standard procedure.
Mass spectrometric Knudsen-cell measurements of Johnston and PalmerO yielded Il.G A1 values, which are up to 10 kJ mol-1 less exothermic than the recommended values. Sandakov et al. 24 measured AlI AI for X Ni = 0.40--1.00
and AHNi for X Ni 0.0-0.55. The partial molar enthalpies of other components were calculated by means of the The simple eutectic phase diagram with two solid solutions, (AI) phase with fcc and diamond cubic (Si) phase shown in Fig. 4 and similar to the one reported by Hultgren et al., 2 was taken from Murray and McAlister. I
The recommended AH values of Table 21 agree within ± 225 J mol-l with the reaction calorimetry of Bros et al. 3 Enthalpies reported by Korber et al. 4 are about 900 J mol-1 more exothermic than the recommended values. The reaction calorimetric values of Batalin et al. 5 agree within ± 600 J mol-l except for XSi = 0.25-0.7, where their values are as much as 3000 J mol-l more exothermic than the recommended values. Recent measurements of Gizenko et al. 6 yielded up to 500 J mol-1 more exothermic values. They also reported IlH Al and AHsi values which appeared to be inconsistent with one another. Therefore, less weight was given to these measurements. The recommended AH values of Murray and McAlister I are up to 90 J mol-1 more exothermic below X Si = 0.2 and about 30-50 J mol-l less exothermic above. The direct reaction calorimetry of Mathieu et al. 7 at 962 K for X Si = 0.000 18-0.0095, yielded a value of about -10 500 J mol-1 for AHsi at XPe = 0.0, which compares with the recommended values of -11 200 J mol-I. AH Al and !::Jl si from Table 22 were calculated from the recommended !::Jl value using the Gibbs-Duhem relation.
Although there have been several measurements from which Gibbs energy values can be derived, they were at different temperatures, making it difficult to compare them on the same basis. Therefore, the recommended !::Jl Al values from Table 22 were combined with flO Al values from each of these measurements, and AS~ values were calculated. The recommended AS ~l values of Table 22 were based on the results of Berthon ct al. 8 and Chatillon et al. 9 The values of Schaefer and Gokcen 1o are up to 0.35 e.u. higher than the Loseva et al. 12 up to -6000
The data ofBatalin et al. 13 are as much as 9900 J mol-1 more exothermic than the recommended values. Other quantities from Tables 21 and 22 are calculated from the recommended !::Jl AI and AS ~ values using the Gibbs-Duhem relation. The phase diagram shown in Fig. 5 was taken from the preliminary investigation of Murray.l Loiseau and Lasalmonie 3 have recently reported the existence of an additional three phases around equiatomic composition: Ti 46 AI s4 ' and Ti4zAIs8 corresponding to an ordered superstructure of an fcc type different from AuCu. The'transformation between them can be achieved by introducing periodic antiphase boundaries. The third phase, "Ti 2 Al," is of complex structure. Murrayl and Pearson 2 list the following intermediate phases:
y, "A13 Ti," has the tetragonal (D0 22 ) prototype. 8, has the tetragonal (D0 23 ) structure isotypic with AI3Zr. "TiAI 2 " has the tetragonal structure isotypic with HfGa2'
"TiAl" has the tetragonal structure isotypic with AuCu.
E, "Ti3Al," has an ordered hexagonal (D0 19 ) structure isotypic with Ni 3 Sn. Table 24 were taken from the plane temperature waves with the P10dulated electronic heating technique ofZaretskii and Peletskii. 9 The recommended!:JI values of Table 25 were based on the direct. reaction calorimetry of Kubaschewski and Dench 10 and of Kubaschewski and Heymer.ll The recommended C; values of Table 26 were based on the copperblock drop calorimetry of Stuve and Ferrante. 4 Other thermudynamic functiuns were calculated by integrating the C; values and by combining the entropy and enthalpy data with the st~ndard enthalpy offormation at 298.15 from The necessary thermodynamic functions needed· for these calculations were taken from Desai. 7 , 8 The recommended ilG Al values of Table 28 were based on the emf studies ofSamokhval and Vecher 12 and Samokhval el al.13 .6.G AI(s) values obtained from their reported emf values were transformed to ilG AI(t') by applying the required standard state correction: (T m -973) X ilfusS 0 -= -446 J mol-I. IlG Ti and other quantities of Table 28 were calculated from the recommended ilG Al values using the Gibbs-Duhem relation. The recommended flG and ilG xs values of Table 27 were calculated from partial quantities of Table 28 .
Solid Alloys
The recommended ilG Al values of Table 30 were taken from the mass spectrometric vapor pressure coupled with a triple Knudsen cell measurement ofHoch and U sell. 14 Their a Al values had a considerable scatter. The recommended ilG Al(t') values obtained from their aAl(t') were converted to ilG Al(s) by applying the required standard state correction: (Tm -1780) X ilfusS ° = -9550 J mol-I. ilG Ti and other values of Table 29 and 30 were calculated using the method discussed above.
Liquid Alloys
The recommended f:Jl Al values of Table 31 were based on the high-temperature vacuum calorimetric measurements of Esin et al. 15 ,16 The recommended !:JITi values of 
